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AB 

ion 

One of the limitations of dynamic el em·i stry vvhen u as a 

antit ive analytical technique, is the resolution of overlapping 

waves, Appro used in the past have been either time intensive 

s using many blanks, or have relied on many empirical 

ameters, Using an approach based on semidifferential voltammetry 

two new techniques have been developed for rapid peak deconvolution. 

The first. NIFITl, is an iterative stripping routine, while the second, 

B I MF IT, i s b a on sequential simplex optimization. Both approaches 

were charac by deconvolution of synthetic 

b ·ly. both WE!re applied to semidi t·i linear scan 

voltammograms of 2+ p and In and to sem·i d i t ·j a Cd , ' 

linear scan anodic stripping vo ·1 tammograms of 2+ Cd · , ln 
+ and T9-

lu ions were eli ·ly character i by pe 

dth, as well as by al squared deviation 

of e fit s from the real s. Studies of i ividual 

aks as well as of standard additions to fu aks showed both 



s well, with excellent i E:t1C e 

ic d a were lly deconvoluted wi 

?~ mv, while real sys lu separ tion below 

40 mv, ak par s ob lut·lon o.llovv 

observ ions ses, even ·in containing 

over ·1 ing 



I on 

A 1 d i in use dynamic s 

ppi voltammetry (a.s,v,) at a 

of the a c 

culty <ls 

an c 

y un since £, ,v, ins 

use is relatively inexpensive~ and compared to most other 

ec ca·l techni a wi scan 

up now general el 

volution: a 11 hardware 11 and a a 

rdware approach is typi ed by those of ~1arth1 and in 0) 

and Grabaric (2), In both methods a sample is run along with 

a blank uti on ining a suitable background electrol and one 

the overlapped components, concentration of this component 

ed until upon subtraction of the blank voltammogram from the 

e voltammogram (whether ana·! or di tal means) no trace of 

i being time i sive, 

cases in which supporting electrolyte is complex rna ng 

a sui ble blank may even feasib'le. 

; that of uti on a taking, 

is more promising. Annino (3) di ded re deconvo"l uti on 

i two types~ time domain and frequency domain. k 

on in domain can be the method 
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Kirmse and Westerburg (4). In s method the Fourier transform 

an 

nkl 

ing 

spectrum is di vi by the transform a 

ng in a s spectrum. In 

sey (5) recently done work on the leas 

FT transformed square-wave voltammograms. In 

sform of the overlapped peak is t with the 

k in a 1 squares manner by varying 

e 

d 

in me ·in the k ight. This is 

h1 that the fit is reduced in complexity by the reduction poin in 

ing to the frequency domain and in that fits may be done on both real 

imaginary parts of the transform in order to obtain an ave 

improved fit. The procedure does rely on utilization of empirical 

si le k parameters~ however. 

Time in deconvolution is curve fitting. Curve fi 

ectrochemical data has been hampered by lack of analytic 

functions. Some work has been done in this area, principally 

and co-workers (6-8). In their most recent paper (8) 

Boudreau and Perone describe the appli on of an empirical 

k on (the sum of skewed gaussian and functions) 

in use of curve fi ng in the deconvolution of square wave 

c peaks. This function requires five parameters k 

on requires that three "shape'' parameters be found from 

e other two parameters are determ·i ned from a 

least minimi on procedure. Overlapped peaks with 

tions as small as 30 mv are determined. 
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s a curve tti peak on techrrl que 

a s in ich £.s.v. or 

a wave s on 

ly e £.s. v. 

are via a hni call al ana ·is 

is y va·l 2 a sech waveform. No 

e are ass in curve ng 

an t a di cance. 

iled of semideriva ve vol has been cri 

3). the on a linear 

i ·1 m(E) is ned as (9): 

.n 

semiderivative e(E) 

e( E) (Eqn. 2) 

a reversible charge 

+ ne . 3) 

as the boundary condi ons the shape a semii 

wave ·is ven by (10): 
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r 1 [ m * -m ( E )1 
E"" E.l/2 + n n m(E) J ( Eqn. 4) 

( Eqn. 5) 

o0 is the d'i ion constant of oxidized i es in 

on, v is the scan rate. n is the number of ectrons ferred, 

F is the Faraday constant, A is the surface area of the ectrode. 

* and c0x is the bulk concentration of the oxidized species. From 

on of Eqn. 2 to Eqn. 4 the semiderivative is (12): 

- nFm 2 nF r 
* [ J e(E) ~ 4RT sech 2RT (E-El/2) (Eqn. 6) 

The semiderivative is seen to be a symmetric peak with a flat ba ine. 

height of 

centration of oxidi 

k is linearly proportional to the bulk con 

species. At 25°C the peak width at half the 

k maximum is (12): 

w 0: Q. ogoz_ v 
P n 

( EqrL 7) 

For the case of a free metal in equilibrium with N labile metal 

complexes the derivative wave is (9): 

nFm* 2nF{ e(E) ~ 4RT sech 2RT ( ( Eqn, 8) 
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1 a ·1 e lexes is seen not to a shape of ei 

01" 

tive 

s also s in linear superposition 

va ve waves (11). 

ons for ~.S, V. so apply to a.s.v. 

t·ion on no hl ll i c 

in the ama'l gam. 

E~nce is di ion cons and bulk on 

ies are ken as those of the reduced s i es hi 

• ( lli_) J:.' ·1 ons .'i 01 s plating time, 

e ti 

onal bulk oxidi 

pl ng mes. Under condi ons 

waves are proportional to oxidized species bulk 

on. 

mental 

For the £. s. v. runs k so'l uti ons of Cd 2+, 

3+ 
In were '1 1 0 'l 0- 21111 mate y •. x. , .• lie A.R. and Pb 

were di ved in A.R. HN0 3; it was necessary to di ve 99. 

In 2o3 in a minimum amount hot 72% HC~O 4. The utions \.'Jere ti 

th 

[ 

sol 

·- 1.96xlo··2M 

on k ·ion 

~2 [' 3+·1 = 2.09xl0 M and ln _ -

detetmi supporting electrolyte for sol 

dfl to 0.58 M. 

ons 

2.02x'l 2 
M wetE: 

ons was A.R. 

ve 
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For the a.s.v. runs Cd2
+ and In3

+ stock solutions were diluted to 

2. ~4 
xlO M, res ively, from stock so·lu on 

+ 
·in R,,s.v. runs. In addition a TQ, stock solution wa 

prepared from A.R. TQ,N03. standardized at a concentration of 8.84xl0- 3M, 
-5 an a.s.v. stock solution was diluted to 8.84xl0 M. The a.s.v. 

ng ectrolyte consisted of purified HC~ diluted to 0.58 M 

from a ·1 eached a 11-vi s i 1 ·j ca i 11 . 

HC! was purifi according to the method Mattison (15) 
® sub-boiling distillation. Preleached Teflon bottles were used to 

in the puri fi HC~. All e l ectrochem·J ca ·1 cells were carefully 

cl between a.s.v. by rinsing with Transis ® grade HN03. runs r 

cen 1 Electrodes, and uipment: The cell 

in is investigation were the same as those descr·i earlier (9) 

with the ce1l thermostatted to 24.9 ± 0.1°C for the l.s.v. experiments 

and to ± l°C for the a.s.v. experiments. Equipment used was 

i with a DAC to control stirring. A Digital Equipment 

on MINC-11/28 microcomputer was used to control experiments 

and Another computer with an 1-11/23 CPU was used for 

is. 

Computer Programs: Control of the ~.s.v. and a.s.v. experi was 

by MACR0-11 assemb 1 y ·1 anguage subroutines 1 inked to a FORTRAN 

ver other FORTRAN subroutines used for data and phics. 

vvas s on disk for later processing. Processing included 

gi fi 1 teri ng ba on fast Fourier transform techniques (16) 



Nicholson 

-ion was v.Jr-l 

d were 

t in a least 

a sum 

a 

t in 

ca1cul 

rnl n-lrni 

ion 

i are 

vo1 

vol only one 

is a 

con in 

'1 
' 

01 CIS). A point by 

max-imum 

as i are 

from the 

in a 

order calcul 

is 

d ' 1 

('19). It is 

i s 

scan g-ive 

k is 

ia 

-Jon 
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until 

The second i 

pea have been calcul 

on is uded and the 

a 1'1 components. 

moves to 

ion. i peaks are cons 

in the manner ju bed. The process is concl 

ified number of iterations have been completed, which time 

final peak potentials, heights, and widths are output. 

program (BIMF ) is on the nciple al 

ex mi on (20). This program uses FORTRAN su ne 

NELMIN as described O'Neill ( on algorithm of Nel 

and Mead ). This program takes as input parameters the numeber 

limi ng number of iterations, and the initial of 

peak potential, ght and width for each peak. The subroutine 

NELMIN es all for the fitting function, 

multaneously to minimize the of the residuals 

between mental semidifferentiated voltammograms and the sum of 

functions with aid of a user suppli subroutine to 

calculate the squares of the residuals. The program stops when 

number of iterations have been completed. 

For the £.s.v. single peak studies 25 ml. of 0.58 M 

HC£ was pipetted into the cell and deaerated with Ar for 10 mi 

remove di After deaeration, a Hg drop was 

a voltammogram taken of the supporting el yte from -.200 V 

-.900 V vs. Ag/AgC£ at a scan of 1.0 V/s 

and written to disk. Then scans were taken of Cd, In, and Pb in 

concentrations by adding standard addit·ions of 

k ution with an Eppendorf pipette. Table 1 for a summary 
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I~ 

"I 
I disk. Empi cally 

t was 

no k 

ren~ 

-Jnes while 

at case s the by 

so of ~~ i ng was 

an 
NI BI~lFIT were then i 

vative voltammograms with NIFITl limi to 10 iterations 

ons. a semiderivative voltam-

with program about 15 minu running 

me on the I·~ 11 

a.s.v. studies were in the same manner ing rd 

y made l .Oxl stock so1 ons 

s on~ al 

Ag/AgCt 

\iJrlS in to ensurE~ cons ux to 

10 potential was to -"1 .0 v 

600 Six before 

rri was d-i scon nued and the potential 

This t-ial was d F J to ensure 

-!on s ies within 
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pp·l then ace a scan of ·1.0 V/s a final potential 

-~.200 v. 

a.s.v. series a scan wa su 

alone to provide a kground scan. After all were 

taken digitally filtered the a.s.v. background scans were 

po·int by nt from the stripping scans remove 

ve 

tammograrns 

mograms. Subsequently, semidifferentiation curve fi techni 

were used on these voltammograms exactly as in the £.s.v. runs. 

The programs NIFITl and BIMFIT were characteri 

synthetic fused peak systems constructed with the 

by deconvo 1 u·U 

curve shape. 

Table 2 gives the results of the fitting for NIFITl limited to ten itera

tions and for BIMFIT limited to 200 iterations. In Table 2 series A. 

B. and C show respectively the influence peak potential, k height~ 

peak width on the efficiency of the deconvoluting programs, 

- 1 R2 . ab e · ·1s coefficient of determination ) and is 

2 
R "' 1- ( Eqn, 9) 

y i is experimental curve, Y( is the t curve, 

points (in all cases=512), Figure 2 shows a synthetic k 

the fit to it along with the deconvoluted components. ul show 



n 

that 

1 ) two of equal height fu'll width at 1f maximum 

(HJHM) 40 mv (approximately 

) deconvo 1 ut ·ion 

FWHM for a reversible two-el 

k potentials, is less 

only when L\Ep, 

20 mv 

di 

2) for of 40 mv FWHM and a 10:1 ratio of peak heights NIFITl 

initia·l k parameters than B IT, BIMFIT iling 

L\Ep ~ 30 mv while NIFITl ·ins 

3) ion efficiency is not 

values ose to 100. In the B series 100 R2 values 

la than the corresponding NIFITl values, yet NIF 

reproducing the initial peak parameters 

4) for a narrow (40 mv FWHM) with a 

20 mv 

y by 100 

BIMFIT are all 

much better at 

(60-100 rnv 

FWHM) k NIFITl fails appreciably while BIMFIT well 

5) both programs return initial peak potentials than either 

peak heights or widths. 

Real systems: 

Parameters obtained for fits to real Cd, Pb, and In !Ls.v. single 

peak systems are shown in Table 3. As seen in 3) above, 

ciency of deconvolution should not be judged simply on the basis of 100 
2 R values close to 100. Efficiency should be judged on a combination 

good 100 values, precision of deconvoluted peak parameters, and 

cons is between single peak and multiple peak data. In ar, 

in agreement with Eqns. 5 and 6 straight line fits of deconvol peak 

height vs. concentration for the added component in each es result 

in R2 values close to 1, intercepts near zero, and slopes that remain 
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nearly constant for each component. 

Table 4 lists computed values of average peak als and vvi 

for all components of each es, average k ights componen 

not added, and the slope, intercept, and R2 for the straight line fit 

concentration to peak height for the added component in each £.s.v. 

series. In this table and in Table 6, peak parameters the most 

lute component in each es were not included in 

the distortion caused by relatively high kground noise. 

It is seen from Table 3 that NIFITl and BIMFIT give nearly identical 

answers for peak parameters for all systems investigated. Both BIMFIT 

and NIFITl are very good at determining peak potentials in single peak 

£.s.v. systems, standard deviations for BIMFIT being on the order of 0.5 

mv and for NIFITl on the order of 1 mv. Peak widths for Cd and Pb 

are near 45 mv. in good agreement with Eqn. 7 for a reversible charge 

transfer. The peak width of about 35 mv for the In charge transfer is 

slightly larger than the predicted 30.2 mv for the reversible case~ 

·indicating some degree of non-reversibility and a possible d£~v·iation 

from the sech2 waveform. The 100 R2 values for the In fi are of the 

same order as those of the Cd and Pb waveforms. however. indicating 

that the sech2 waveform remains a good approximation. 

The 100 R2 values in Table 3 and in nearly all of the series increase 

monotonically with concentration. The increase is due to the lessening 

ative importance of noise as concentration is increased. Perone (8) 

has noted the same effect. 

Peak height vs. concentration plots for the single peak £.s.v. 

are shown in Figure 3. All three fi have intercepts near the origin, 
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as in Eqn. 5. The magnitude of slope ve1y with the 

Eqn. 5, as the sl the i ium fit is signi cantly 

of the cadmi urn or 1 n 

Multi e t.s.v.: Table 5 shows 

k systems. Average peak parameters and other information are incl 

in e 4. A ve k from SAL series along with 

t 'it and ·i ivi i shown ·in 4. It is seen 

Pb is compl ly resol the In and Cd 

whi form an apped peak system with ~Ep ~ 40 mv. Deviations in 

k potential are increased over the single peak terns to over one mv, 

whi1e values of potential nearly the same as in single peak 

Peak width values and deviations are nearly the same. 

show the smallest deviation in peak height, as might be expected 

a non-overlapped peak. The indium peaks show the small 

devi ion, while cadmium shows the largest. This is consistent with the 

supposition that the fit to indium is worse than the other e1 

The fit is to the peak near the peak maximum, while deviation from the 

sech2 waveform would be expected further away from the maximum. 

might not be accounted for in the overlap. 

ight line fits of concentration vs. peak ight are shown in 

Fig. 5. The intercepts, in general, are larger than for the single k 

system but are ill small. The R2 values are all close to 1, and 

sl of the i vidual components all agree well with sl 

single components. The 100 R2 values are all close 100. 

ngle peak a.s.v.: Table 6 shows the resul of studies on single 

a.s.v. , and the peak averages and the sl the ig 

2 
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on vs. peak height fi are in Table 7. The plot of 

the straight line t for es is in g. 6. For tht:! s·i e 

k k determination is very the ium 

al very well with l.s.v. peak potenti s. peak wi 

about mv for the T~ k is in good agreement with 90.7 mv 

the reversible FWH~~ predic by 5 

a one-E~ l c ium 

also in wi a reversible charge 5 as 

~.s.v. case. The differing chemical environment of the mercury amal 

as to the bulk ution is responsible for the The 

100 R2 values for the fi are of the same order as 

and show the same increase with concentration. The ively large 

in the intercepts of the straight line over the 2,. s. v. 

case could due either the a.s.v. background subtraction or to 

the of larger background noise. The slope of these two lines 

in qualitatively with resul expected from Eqn. 5. 

Mul ple peak a.s.v.: Data for a.s.v. multiple peak systems are shown 

in Table 8. As in the ~.s.v. multiple peak systems devia ons in k 

al are i over the single peak case, but 

t al is nearly unchanged. Peak width values well with single k 

data in both value and precision. 

The ght 1·i ne of concentration to peak height are shown 

n g. 6. I are again larger than in the ~.s.v. case. The 

ope the line in the SCD series matches well wi the si e kH 

slopes of the SIN and SALL series are consi y larger, 

, though they agree with one another. g. 7 shows a k fr·om 



SIN series same k cula 

k was g s 

ion s "increase in k 

increase in slope, 

·increase is si y 

i Ulil ·in ~r 'Is 

ever this the 

ma tem cua a . f 2 c:) \. ~-J 

on t. In i l i c wi 

/~ lthough tammogram semidi , one di 

in is is t i 

y vatives reversi harge reverS·· 

e ·lea on tting 

uti on !L s 0 v. 

shown L procedure results in ion 

in thermodynamic, ki c~ and 

ana In addition H has of not relyi on empi cal 

k define k , so that in shapE: 

to cha sfer reversibility or the occurrence i 11 ic 

i on can 
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e L Composition so'1 utions in this work 

A! 1 ml 0, f\1 HC1 kg round with: 

es 

11 l it ions of Pb 2+ k uti on 
]Jl additions of Cd 2+ k uti on 

SL it ions of In 
3+ 

k uti on ,\, 

SIC: '] 00 ]J 1 3+ 
s k so·l ·ion and 5~20 ]Jl acJd·i t·i ons 

on 
I: Cd 2+ stock ution and lll addi ons In 

uti on 

1 00 ]J 1 of Pb 2+ k ution and 5~20 ]Jl tions of Cd 
c ,, on 

2+ 3+ 100 ]Jl of both Pb and In stock solution and 5~20 ]Jl additions 
of Cd2+ stock solution 

Ls,v, 

[ 

All 25 ml of 0,58 M purified HCt background el yte with: 

es 
: 5-20 ]Jl ens of Tt+ k solution 

solution 
5~·20 

SINA: ]Jl additions In 
50 pl 

k 

SIN: 20 ]Jl 
uti on 

: 20 

k uti on ons of 

+ 
solution and 5-20 ]Jl additions of T£ stock 

In3+ stock solution and 5-20 lll additions 
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Table IL t k aparameters for synthetic sec k 
using programs BIMFIT and NIFITla 

t~i dthb Potl. b He Widthb 1 
-~~ ~-~~ ~ 

AA 1.0 40.0 ~.5 LO 40.0 
~>. 3500 1. 0026 4·0. 36 -.5002 1 '0001 39.87 99. 
-.3502 0.9998 40.06 -.4499 0.9988 40.06 99.99 

AB -A 1.0 40.0 -.5 LO 40.0 
... 3999 0.9999 40.01 ~· o4999 0.9994 4·0.00 
.3996 0.9981 40.06 ,, . 4999 0.9980 40.06 99.99 

-.42 LO 40,0 -.5 LO 40.0 
-.4199 1.0012 39.91 .4999 0.9993 40.05 .99 
-.4204 0.9989 40.06 -.4999 0.9987 40.06 99.99 

AD .435 1.0 40.0 ~.5 LO 40.0 
-.4349 0.9999 40.01 ~.4999 1 .0000 39.99 99.99 
-.4343 0.9994 39.88 -.4999 0.9994 40.06 99.97 

AE .45 1.0 40.0 -.5 LO 40.0 
-.l!.500 0.9997 40.35 ~.4999 0.9960 .92 99.99 
-.4500 0.9983 38.32 -.4994 1 .0068 40.06 99.96 

AF .46 LO 40.0 -.5 LO 40.0 
·~. 4597 0.9928 39.93 -.4995 1. 0099 39.96 99.99 
-.4598 0.9890 36.72 -.4989 1. 0302 41.38 99.93 

AG -.47 1.0 40.0 -.5 LO 40.0 
-.4686 0.9590 38.59 -.4988 1. 0592 40.38 99.99 
-.4676 0.8529 31.48 -. 4·970 1 . 17 43 41 '97 99.72 

AH -.48 LO 40.0 -.5 1.0 40.0 
.4690 0.2352 25.63 -.4919 1.6459 45.34 99.96 

~.4891 "1.6303 48.97 .5048 0. 11'19 20.26 99.89 

a) The fi line for each series gives actual input peak parameters. 
The two lines give the output parameters for BIMFIT and 
NIFITl. 

b) Uni for potentials are in volts; those for widths in mv; 
cutrent uni are arbHrary. 
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ble IL 

b t~i dthb Potl. b ~j_g!Jtb Widthb 100 R2 
~·=~~~ .,~.~~-.~ ~-~~·~"~·~-

BA ·~ 0 Ll,5 0 0 '1 40.0 -.5 1.0 40.0 
o4496 0.0995 39.76 -.4999 0.9999 40.15 

0.0984 40.06 .4999 0.9990 4·0.06 

.46 0.1 40.0 ·~ 0 5 1.0 40.0 
~04593 0.098.1 .64 ·~.4998 ·1 .0025 40.09 

0. 44.07 0. 99L}2 40.06 

··.47 0.1 .40. 0 ~.5 LO 40.0 
0. '! 46. <O 0 5005 0 . .31 

. 4715 0.1 44.07 .. '5004 0. .06 

BD ,,, '475 0. 'l 40.0 ~.5 1.0 40.0 
~·' 4870 0.2405 46.51 ~·' 5012 0.8436 '91 .99 

0' l 032 44.07 -.4999 0.9900 40.06 99. 

0.1 40.0 -.5 LO 40.0 
~.4882 0.3470 40,13 -,5026 0. 7911 37.80 

.4754 0.0769 44.07 -.4992 1 '0155 40.06 
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Table IL (conti 

L b Hei9l:1tb Widthb b ]:!eJJilltb Wi 100 R2 

LO !0.0 -.5 1.0 40.0 .99 
-.4500 0.9961 10,.08 -.5000 0. 99.97 

.4500 0.9994 10.49 -.4999 0.9988 

CB -.45 LO 20.0 -.5 1.0 40.0 
-.4500 1 '0013 19.77 -.4998 1 '0024 40.06 99,99 
-.4500 1.0035 20.50 .4999 0.9978 .31 .98 

-.45 1.0 30.0 -,5 LO 4,0,0 
~"' 4500 1 . 0001 30.00 -.5000 1 '0000 39.98 99. 
-.4500 0.9997 30.39 -.4999 0.9978 40.06 99.99 

CD -.45 1.0 50.0 .5 LO 40.0 
-.4500 1 '0001 49.97 -.5000 ·1.0003 40.00 99.99 
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Fi ions 

Figure 1. Fourier transform filtered £.s.v. scan of lead 

th the corresponding semiderivative. 

Figure 2. Synthetic fused peak AE with resolved componen (See Table 2). 

Figure 3. Peak height vs. concentration plots with corresponding fit 

straight lines for the single peak £.s.v. systems. 

Key to symbols: series 

-- SC es 

"' SI series 

Figure 4. Real semidifferentiated peak with corresponding BIMFIT fit. 

Figure 5. Peak height vs. concentration plots with corresponding straight 

lines for the multiple peak 2.s.v. systems. 

Key to symbols: -- SIC series 

= SCI series 

-- SPC series 

- SALL series 

Figure 6. Peak height vs. concentration plots with corresponding straight line 

ts for the Ti+ a.s.v. single peak and a.s.v. multiple peaks tems. 

Key to symbo ·1 s: = STL series 

= SCD sedes 

"' SIN series 

= SALL series 
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